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Abstract

This study establishes quantitative relationships between neighborhood layouts, as evalu-
ated by key neighborhood morphological parameters and pedestrian wind environments
across China’s five major climate zones. We analyzed 3204 residential neighborhoods
using satellite imaging and simulated 281 scenarios by CFD simulations, identifying six
typical neighborhood layouts and quantifying their performance in terms of climate specific
wind comfort criteria. This work takes an approach that takes into account mechanical
wind effects and region-specific criteria for evaluating pedestrian-level wind environment
performance, going beyond previous studies that utilize universal evaluation standards.
The most influential parameter is building enclosure ratio with sensitivity indices of 0.844
for winter wind proofing. Closed perimeter layout confers 15-20% better winter wind
proofing in cold climates and semi-open design enhances summer ventilation by 12-18% in
hot climates according to our cross-climate analysis. Quantitative optimization adopting
regression technique (R? = 0.727-0.810) points to an optimal enclosure ratio of 0.25-0.28
or 0.52-0.61 with aspect ratio of 1.75-2.75. The results can provide evidence-based design
guidelines for high-rise residential neighborhood planning and pedestrian wind environ-
ment, aiming to improve urban livability and support climate adaptation strategies across
a broad range of climate zones.

Keywords: wind environment; neighborhood layout; computational fluid dynamics;
thermal comfort; climate-responsive design

1. Introduction

With the acceleration of global urbanization, increasing populations are concentrating
in cities, driving continuous expansion of urban residential areas. According to the China
Statistical Yearbook of Urban and Rural Construction, residential land accounts for over
30% of total urban construction land area in Chinese cities [1]. Meanwhile, the scarcity of de-
velopable land has established high-rise residential neighborhoods as the dominant urban
housing typology in China [2]. These high-rise residential neighborhoods can significantly
influence the pedestrian-level wind environment. Due to the wind flow characteristics
around high-rise buildings, such areas are prone to the formation of both strong wind
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zones and stagnant air zones [3-6], which may cause thermal discomfort for residents
by resulting in excessive cold in winter or overheating in summer [7,8]. Additionally,
degraded pedestrian wind environments may result in the accumulation of waste heat and
pollutants, thereby threatening residents” health [9-13]. Recent studies have demonstrated
that urban heat island effects significantly amplify these challenges, with land use changes,
local climate zones, and building configurations playing crucial roles in determining ther-
mal risk patterns across different urban development scenarios [14-16]. Additionally, the
energy performance implications of buildings require careful consideration alongside wind
environments [17-19]. The complexity of these issues necessitates further examination of
the impact of neighborhood layouts on pedestrian wind environments, which is crucial for
fostering healthier and more livable urban communities [20,21].

Existing research focusing on pedestrian wind environments primarily addresses
planning and design parameters such as plot ratio, building density [22], road features
[11,23-27], and building height [28-31], which are often dictated by higher-level planning
and economic considerations. Alterations to these elements have restricted efficacy in
enhancing the pedestrian wind environment. Regarding the effects of neighborhood planar
layouts on improving pedestrian wind environments, some scholars advocate for the
row-column layout as the optimal option [32,33], while others advocate the perimeter
layout [34,35].

2. Literature Review

The current literature primarily focuses on the assessment of wind conditions for
pedestrians based on the mechanical and thermal effects of wind on individuals. In terms of
wind speed, Penwarden [36] reported that wind speeds exceeding 5 m/s induce mechanical
discomfort in humans. Hunt et al. indicated that activities become unfavorable when wind
speeds surpass 4 m/s [37]. Moreover, Murakami et al. concluded that wind speeds
exceeding 3 m/s can impede normal walking, with speeds over 7 m/s making walking
difficult [38]. Utilizing the Beaufort wind scale and their own observations, Lawson and
Penwarden delineated that wind speeds below 1.5 m/s are virtually unnoticeable, while
speeds ranging from 3.4 m/s to 5.4 m/s may lead to inconvenience in human activities,
and speeds from 5.5 m/s to 7.9 m/s are considered unsuitable for human habitation [39].
In response to the multifaceted nature of wind, Murakami and Iwasa undertook field
measurements and questionnaire surveys to observe the pedestrian wind environment
around high-rise structures, subsequently proposing evaluation criteria that include wind
frequency for assorted functional areas [40]. Furthermore, Soligo et al. deliberated on the
optimal wind speed range for various activities, including sitting, standing and walking,
and identified the range as 0 m/s to 5.0 m/s [41]. In summary, one can anticipate discomfort
and hindrance in performing activities when wind speeds exceed 5.4 m/s.

When integrating the effect of wind speed to the outdoor thermal comfort, research
conducted as early as in 1962 has already revealed the influence of wind speed on the ther-
mal sensation of the human body. Later, numerous studies have been conducted to better
comprehend the relationship between climatic conditions and human thermal comfort
assessment. For instance, Nikolopoulou et al. performed a field survey in Greece to formu-
late an outdoor thermal comfort prediction model, considering factors like temperature,
wind speed, and relative humidity under various environmental conditions [42]. Liu et al.
explored the interplay between meteorological parameters and human thermal sensation
across different seasons in China’s hot summer and cold winter zones [43]. Givoni et al.
examined the connection between the thermal sensation of inhabitants in cold and hot
zones of Japan and Israel and meteorological variables such as temperature, humidity,
radiation, and wind speed, using on-site questionnaire surveys [44]. Cheng and Ng evalu-
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ated different thermal comfort prediction models and devised an outdoor environmental
comfort evaluation chart for Hong Kong City, focusing on Givoni’s prediction model and
considering the wind speed range in which human thermal comfort is achieved under
divergent solar radiation and air temperature scenarios [45]. To eliminate the influence of
clothing thermal resistance on human thermal sensation, the wind chill index was intro-
duced, leading to the development of wind chill temperature to forecast the risk of frostbite
in humans under frigid conditions [46]. There are emerging studies focusing on the outdoor
thermal comfort under the dynamic outdoor thermal environment [47] and visual-thermal
environment interactions [48] in recent years. However, the pedestrian wind environments
inside the residential layout rarely reach consensus, even in terms of a well-established
thermal comfort index, especially under various climate zones.

Normally, three primary methodologies are utilized to study the pedestrian wind envi-
ronment, namely field measurements, wind tunnel tests, and computational fluid dynamics
(CFD) simulations [49]. Field measurements and wind tunnel tests enable precise docu-
mentation of outdoor wind meteorological parameters, though CFD numerical simulations
present a reduced level of accuracy [50]. While wind tunnel tests are esteemed for exploring
the wind environment of simple building structures, their elevated experimentation costs
hinder widespread application. Conversely, CFD numerical simulations are favored for
analyzing the wind environment of intricate building forms or building clusters due to
their ease in modeling and minimal investment costs. Investigations from wind tunnel
experiments conducted by Tsang et al. [51] and Xu et al. [52] emphasize that a building’s
shape significantly dictates the pedestrian wind environment. A broader building structure
induces a potent downstream sheltering effect, culminating in reduced wind speeds down-
stream. In contrast, a taller structure redirects more upper-level winds towards pedestrian
areas, thereby augmenting the wind speed on the windward side [51]. Moreover, it is also
found that buildings with extended and flatter cross-sections demonstrate intensified wind
blocking effects and greater susceptibility to wind direction [52]. The pedestrian wind
environment between two high-rise structures is shaped by both the distance and angle
between them. Blocken [53] and Li [54] posited that, when the distance between buildings
diminishes below a specific threshold, the flow around the corners merges and triggers
powerful winds. Additionally, Tsang et al. [51] concluded that broadening the gap between
the buildings decreases the high wind speed zone on both sides, enhancing the adjacent
building areas” wind environment. However, this simultaneously enlarges the area of low
wind speed farther away.

Previous research on pedestrian wind environments in building clusters has shown
divergence in their results. For instance, Feng et al. conducted simulations using ENVI-met
4.0, deducing that the wind environment deteriorates with ascending building density and
average height [55]. Conversely, studies by Ying et al. [56] and Ma et al. [33] report that
beyond a certain breakeven point, building height ceases to negatively impact the wind
environment and may even enhance it [32]. Additional research reveals that plot ratio
exerts influence on the wind environment but is overshadowed by building density [57,58].
Analyses on the effect of design factors such as building spacing [32], windward area ratio,
and enclosure ratio [59] have identified that reduced building spacing, enlarged windward
area, and enclosure ratios contribute to a compromised outdoor wind environment. Re-
search by scholars like Igbal et al. [60], Jin et al. [58], and Gan et al. [61] have accentuated
the interplay between residential neighborhood and wind direction as pivotal in shaping
the wind environment.

In studies focusing on the impact of residential building complex layouts, classifica-
tions are often made based on building forms and cross-section shapes. Residential layouts
can be typified into row-column, perimeter, clustered, and hybrid forms, and point, slab,
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and slab-point hybrid layouts regarding cross-section shape [62]. Findings from Ma et al.
indicate that row-column layouts are conducive to creating better wind environments,
while perimeter layouts hinder them [33]. Shui et al. [35] conversely propose that perime-
ter layouts foster more substantial wind comfort zones than row-column ones. Further,
Yu et al. [32] ascertain that among varied combinations of building forms under different
cross-sectional shapes, the slab-point hybrid layout is best situated within a row-column
layout and worst in a perimeter layout. Residential layouts can also be further classified
according to the displacement of buildings and the degree of enclosure [32,63]. Studies by
Wei et al. signify that building displacement does not improve wind environments [64],
while Zhang et al. [65], Chang et al. [66], and Peng et al. argue that specific displacement
arrangements are more conducive to achieving favorable wind environments [67].

Upon examining the existing research on the pedestrian wind environment, several
critical methodological and conceptual gaps become evident that fundamentally limit the
applicability of current findings. First, the conflicting conclusions regarding optimal layout
types stem from a fundamental lack of standardization in evaluation criteria and layout
categorization systems across studies. While some researchers advocate for row-column
layouts as optimal [32,33], others support perimeter layouts [34,35], these contradictions
arise because studies employ different wind speed thresholds, measurement methodologies,
and performance metrics, making direct comparisons impossible. This methodological
inconsistency has prevented the establishment of evidence-based design guidelines that
practitioners can confidently apply. Second, the lack of comprehensive research spanning
multiple climatic zones regarding pedestrian wind environments in high-rise residential
neighborhoods in China creates a critical knowledge gap that limits the development and
implementation of region-specific design strategies.

The above research limitations have practical consequences for urban design practice.
Without climate-specific evaluation standards and quantified relationships between design
parameters and pedestrian comfort, practitioners must rely on general guidelines that
may be inappropriate for local conditions. The absence of systematic parameter sensitivity
analysis means that design resources are allocated inefficiently, with equal attention given
to high-impact and low-impact design variables. Furthermore, the lack of predictive models
linking neighborhood morphology to pedestrian wind performance prevents evidence-
based optimization during the design process. The aim of this research is to address these
fundamental gaps by establishing quantified relationships between neighborhood layout
parameters and pedestrian wind environments across China’s diverse climate zones, using
climate-specific comfort criteria that account for both mechanical and thermal wind effects.
This approach enables the development of evidence-based design guidelines that can
improve the quality of residential neighborhood environments while supporting climate
adaptation strategies across different regional contexts.

3. Methodology
3.1. Evaluation of Pedestrian Wind Environment
This section presents the selected assessment criteria for pedestrian wind environ-

ments, which are validated, climate zone-specific, and account for both thermal and me-
chanical wind effects on pedestrians.

3.1.1. Pedestrian Wind Environment Requirements Based on Outdoor Thermal Comfort

Previous studies have studied the spatial distribution of outdoor thermal comfort
evaluated by the Universal Thermal Climate Index (UTCI) across different climate zones in
China during winter and summer [68]. In winter, zones characterized by hot summer and
warm winter, as well as the southern part of the mild zones, can achieve thermal comfort.
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However, the northern part of the mild zones, areas with hot summer and cold winter, cold
zones, and severely cold zones are perceived as thermally cold. In summer, zones with
hot summer and warm winter, zones with hot summer and cold winter, and Zone B of the
cold zones are all marked as overheated. In contrast, the mild zones, Zone A of the cold
zones, and the severely cold regions, except for the Tibetan region, are close to achieving
thermal neutrality.

Achieving outdoor thermal comfort in the categorized zones requires consideration
of wind speed modulation. For zones experiencing severely cold, mild, and cold zone A,
minimizing heat loss and preventing frostbite necessitates the reduction in wind speed
during winter, while promoting heat diffusion calls for increased ventilation during summer.
Likewise, in hot summer and cold winter zones, cold zone B, winter wind proofing as well
as summer heat dissipation must be considered simultaneously. For zones experiencing
hot summer and mild winter, increasing wind speed during summer to enhance heat
dissipation should be prioritized.

3.1.2. Key Indicators for Evaluating Pedestrian Wind Environment

For zones with hot summer and warm winter, areas with hot summer and cold winter,
and Zone B of cold zones that experience intense summer heat, the outdoor thermal comfort
assessment chart developed by Cheng and Ng, which is based on a thermal sensation voting
prediction model for hot areas [45], is highly valuable to be referred to. Given that the
highest monthly average temperatures in these zones are all below 29.6 °C, according to
Cheng and Ng’s chart, the acceptable minimum wind speed during summer in these areas
is 1.5 m/s. Additionally, since the winter temperatures in zones with hot summer and
warm winter are relatively high, the chart also suggests that the maximum acceptable wind
speed during winter in these zones is 3.6 m/s.

For severely cold zones, cold zones, hot summer and cold winter climate, and mild
climate during winter, it is preferable to have lower wind speeds to avoid discomfort or
even frostbite in low-temperature conditions. According to relevant studies on wind-chill
temperatures, and as per China’s Building Wind Environment Testing and Evaluation
Standards [69], the maximum acceptable wind speed in winter is 1.8 m/s. Moreover, to
ensure normal activities of residents in a residential neighborhood, the wind speed should
be less than 5.4 m/s [39]. To meet ventilation needs during summer, the residential’s wind
speed should be higher than 1 m/s.

In summary, for severely cold zones, mild zones, and Zone A of cold zones, the
acceptable wind speeds range from 0 to 1.8 m/s in winter and 1 to 5.4 m/s in summer.
For Zone B of cold zones and areas with hot summer and cold winter, the acceptable
wind speeds are 0 to 1.8 m/s in winter and 1.5 to 5.4 m/s in summer. For zones with
hot summer and warm winter, they are 0 to 3.6 m/s in winter and 1.5 to 5.4 m/s in
summer. The summarized acceptable wind speeds of various climate zones can be found
in Table 1. Additionally, as high-rise residential neighborhoods tend to form areas of
strong and still winds, simply using a specific or average wind speed may not accurately
reflect the pedestrian wind environment. Therefore, this study uses the proportion of areas
with acceptable wind speeds as an evaluation metric to assess the quality of pedestrian
wind environments.
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Table 1. Summarization on the pedestrian-level acceptable wind speeds in various climate zones
of China.

Pedestrian-Level Pedestrian-Level
Climate Zone Acceptable Wind Speeds  Acceptable Wind Speeds
in Winter (m/s) in Summer (m/s)
Severely Cold Regions 0to 1.8 1to5.4
Mild Regions Oto1.8 1to5.4
Zone A of Cold Regions Oto1.8 1to5.4
Zone B of Cold Regions 0to1.8 1.5t05.4
Hot Summer and Cold 0to1.8 1.5 t0 5.4
Winter
Hot Summer and Warm 0t03.6 1.5 t0 5.4
Winter

3.1.3. Methodological Approach to Thermal Comfort Integration

While this study references thermal comfort indices such as UTCI to establish climate-
specific wind speed thresholds, our CFD simulations employ isothermal wind flow analysis
rather than direct integration of comprehensive thermal indices (UTCI, PET) within the
computational framework. This methodological choice is made for several justified reasons.
First, the primary objective is to establish quantitative relationships between neighborhood
morphological parameters and wind flow patterns, which requires isolating the mechanical
effects of building arrangements on air movement. Direct integration of thermal indices
would introduce additional variables (air temperature, humidity, solar radiation) that
would confound the analysis of morphological impacts on wind patterns.

Moreover, the computational complexity of coupled thermal-wind simulations across
281 scenarios would be prohibitively expensive while potentially obscuring the fundamen-
tal relationships between layout parameters and wind flow characteristics. Our approach
follows established methodologies in urban wind environment research where mechanical
wind effects are analyzed separately from thermal effects, with thermal comfort considera-
tions applied through post-processing evaluation criteria [49,50].

The wind speed thresholds employed in our evaluation metrics are derived from
established thermal comfort research and climate-specific adaptation studies, ensuring
that thermal considerations are appropriately incorporated into the assessment framework
without requiring direct thermal index computation within the CFD simulations. This
approach enables efficient analysis of morphological parameter effects while maintaining
relevance to pedestrian thermal comfort through evidence-based wind speed criteria.

3.2. Modeling of High-Rise Residential Layout
3.2.1. Plan Layout of High-Rise Residential Neighborhood in China

In this study, seven cities representing different climate zones and landform types
in China were chosen for examination, including Shenyang (Zone 1), Beijing (Zone 2B),
Yinchuan (Zone 2A), Shanghai (Zone 3), Chengdu (Zone 3), Shenzhen (Zone 4), and
Kunming (Zone 5). Each city was selected based on distinct climatic and geographical
characteristics, and cities with mountainous landform types were omitted due to the
challenges in data collection and low demand for high-rise construction.

This study employed satellite maps to investigate 3263 high-rise residential neigh-
borhoods in China, revealing specific patterns in building plan layouts. Neighborhoods
were selected based on the following criteria: (1) building height > 54 m (approximately
18 floors), (2) predominantly residential land use, (3) clearly identifiable boundary and
layout configuration, and (4) construction completed before 2021 to ensure stable neighbor-
hood form. The sampling covered all qualifying neighborhoods within the built-up urban
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areas of each city, providing comprehensive representation of high-rise residential devel-
opment patterns across different climate zones. The neighborhood layout distributions in
different cities are summarized in Figure 1 and the original collected data has also been
shared as Supplementary Materials in an excel file. The categorization of neighborhoods
into the six typical layout types followed systematic criteria based on observable morpho-
logical characteristics from satellite imagery. Parallel layouts were identified by buildings
arranged in parallel rows with consistent orientation (deviation < 15°) and regular spacing.
Staggered layouts featured buildings in parallel rows but with alternating positions creating
a zigzag pattern. Closed perimeter layouts exhibited continuous building arrangements
forming enclosed courtyards with enclosure ratio > 0.60 and minimal openings. Semi-
open perimeter designs showed partial courtyard enclosure with enclosure ratio between
0.45-0.60 and one or two deliberate openings. Open perimeter layouts maintain courtyard
organization but with enclosure ratio < 0.45 and multiple openings or gaps. Clustered
layouts demonstrated dispersed building distribution without clear linear or perimeter
organization patterns. Neighborhoods exhibiting characteristics of multiple layout types
without clear dominance were classified as hybrid. Two independent reviewers conducted
the categorization with discrepancies resolved through discussion, achieving 94% initial
inter-rater agreement.

100%
90% I l I .
80% |

70% |

60% |

50% |

40% |

30% |

20% |

10%

0% : : : : : :

Shenyang Beijing Yinchuan Shanghai Chengdu Shenzhen Kunming

M Arrayed M Perimeter Clustered ® Hybrid

Figure 1. Summary of neighborhood layout in different cities.

It is found that residential neighborhoods with arrayed and slab layout features often
arrange buildings in parallel alignment or in a staggered manner. Areas with perimeter
and slab layout features typically form enclosed residential courtyards. Those with a
combination of perimeter and point-slab layouts often place point-style buildings at the
east and west edges of the site and slab-style buildings at the north and south edges.
Residential neighborhoods with perimeter and point-style layouts usually create open
residential courtyards, while those with clustered layout features often demonstrate an
arrayed distribution. Additionally, for residential neighborhoods with arrayed and point-
slab mixed layouts, mixed and slab layouts, and mixed point-slab layouts, due to the
significant differences in their plan layout characteristics, this study did not refine the plan
layout patterns of these three types of residential neighborhood. Based on the classification
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methods of plan layouts [29,62,63] and the actual characteristics of high-rise residential plan
layouts, six typical high-rise residential plan layouts were ultimately refined via parallel,
staggered, closed perimeter, semi-open perimeter, open perimeter, and clustered layouts,

as shown in Figure 2.

(d) Semi open perimeter (e) Open perimeter (f) Clustered

Figure 2. Typical residential plan layouts in China.

The examination of land area, building density, and number of floors of high-rise
residential neighborhood across China has led to findings that contribute to understanding
the prevailing characteristics of these areas. The data reveals that most of the high-rise
residential neighborhoods fall within a land area ranging from 2 ha to 4 ha. Furthermore,
building density mainly ranged between 14% and 20%, with buildings typically comprising
14 to 18 floors. These key features are reflective of the prevalent construction trends and
urban planning considerations within China’s diverse zones. This analysis was further
enhanced by reference to the Planning and Design Standards for Urban Residential Neigh-
borhood [70]. By aligning the empirical findings with these established standards, it was
possible to determine specific parameters for the high-rise residential examined in this
study. Specifically, a plot area of 3.24 ha (180 m * 180 m), a building density of 16%, and a
building height of 54 m were identified as a representative residential neighborhood.

3.2.2. Design Parameters of Plan Layout

Four key design parameters are used to assess the plan layout of high-rise residential
neighborhoods in this study.

e  Enclosure Ratio (E):
The enclosure ratio measures the extent to which buildings surround the site and is
defined as the proportion of the combined length of building edges along all four sides
of the site to the perimeter of the site. The calculation of the enclosure ratio is given by
Equation (1):

g Zimli
- Cc

where J; represents the length of each building along the site’s edge, and C denotes the

@

site’s perimeter.

e  Average Windward Area Ratio &;:
The average windward area ratio is a vital parameter that quantifies the exposure of
buildings to wind. It calculates the average ratio of the projected area of all buildings
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in the site on the incoming wind direction to their maximum projected area. The math-
ematical expression for the average windward area ratio is provided in Equation (2):

lew Ap

a=ly

n&i=1 AFimax

()

where Ap; represents each building’s projected area in the direction of incoming wind,
AFimax denotes the maximum projected area, and n indicates the number of buildings
in the site.

e  Average Building Aspect Ratio:
This ratio provides an estimation of the proportional relationship between the length
and width of the buildings, and it pertains to the average ratio of the long side of the
cross-section of all buildings in the site to the short side.

e  Wind direction:
The wind direction defines the orientation of wind relative to the main building
orientation within the site. It follows a specific convention, where clockwise rota-
tion represents the positive direction, and counterclockwise rotation symbolizes the
negative direction, as shown in Figure 3.

(;"Iockwi:anf 450 67“% [@ gi}so \C‘mmtcrclockwise
223&* L

0°pPp- = —UE L 0
25W_ /D s

Coumcrclockwise\ -45}?* x %:450 /Cfuckwisc

-67.5° gqe°

Building’s trend

Figure 3. Diagram of wind directions.
Detailed information of the design parameters can be found in Table 2.

Table 2. The design parameters and characteristics of each typical neighborhood layout features.

Parallel Staggered Closed Perimeter = Semi-Open  Open Perimeter

Design Parameters Layout Layout Design Perimeter Style Clustered
Enclosure ratio 0.43 0.28 0.67 0.56 0.47 0.40
Average building 225 225 3.60 291 1.33 1.00

aspect ratio

—67.5° 100 1.00 0.85 0.98 0.97 0.92
—45° 0.93 0.93 0.87 0.91 0.99 1.00
—225°  0.72 0.72 0.76 0.70 0.86 0.92
Average 0° 0.41 0.41 0.33 0.38 0.60 0.71
windwardarea 5550 g 7p 0.72 0.76 0.70 0.86 0.92
ratio 45° 0.93 0.93 0.87 0.91 0.99 1.00
67.5° 1.00 1.00 0.85 0.98 0.97 0.92
90° 0.91 0.91 0.70 0.91 0.80 0.71

3.2.3. Incoming Wind Conditions

To assess varying incoming wind conditions, several key wind parameters are consid-
ered, including prevailing wind direction, wind frequency, and average wind speed. The
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data shown in Table 3 illustrates the seasonal variations in the wind direction and average
wind speed in various climate zones.

Table 3. Average wind direction and prevailing wind direction during winter and summer seasons
for selected cities in different climatic zones.

k Winter Summer
Climate Zone Repree:,e.ntatlve Prevailing Wind Average Wind Prevailing Wind Average Wind
Cities Direction Speed (m/s) Direction Speed (m/s)
Severe cold zones Shenyang NNE 3.6 SW 3.5
Cold zone A Yinchuan NNE 2.2 SSW 29
Cold zone B Beijing N 47 SW 3.0
Summer hot and winter Shanghai NW 3.0 SE 3.0
cold zone Chengdu NE 1.9 NNE 2.0
Warm winter and hot
Shenzhen ENE 29 ESE 2.7
summer zone

Mild climate zone Kunming WSW 3.7 WSW 2.6

Notes: N: north; NW: northwest; NE: northeast; NNE: north-northeast; ENE: east-northeast; SW: southwest; SE:
southeast; SSW: south-southwest; WSW: west-southwest; ESE: east-southeast.

In extremely cold, cold, and hot zones, the prevailing wind direction varies in winter
and summer. However, in mild climate zones like Kunming, the prevailing wind direction
remains consistent throughout the year (southwest to west wind). In addition to analyzing
the wind characteristics, the study identified five different orientation layouts: southwest-
facing, southwest-south-facing, south-facing, southeast-south-facing, and southeast-facing.
A comprehensive simulation work was conducted by combining these orientation layouts
with the six typical floor plan layouts and prevailing wind conditions in each city. This
resulted in a total of 281 scenarios, reflecting a thorough analysis and consideration of the
unique climatic characteristics of each climate zone.

3.3. Numerical Setups
3.3.1. Numerical Models

Although large-eddy simulations (LESs) have been shown to predict turbulent
flow near buildings more accurately than Reynolds-Averaged Navier-Stokes (RANS) ap-
proaches [71,72], and advanced RANS models such as the modified k-¢ [73], RNG k-¢ [74]
and SST k-w [75] offer improved performance over the standard k-¢ model, our selection of
the standard k-e¢ model was based on several critical considerations for this comprehensive
281-scenario study. First, computational efficiency was paramount given the extensive
parameter space requiring systematic analysis across multiple climate zones, building
configurations, and wind conditions. LESs, while more accurate for complex flow phenom-
ena, would require computational resources approximately 100-1000 times greater than
RANS approaches, making the comprehensive parameter analysis conducted in this study
computationally prohibitive [76,77].

Second, while RNG k-¢ and SST k-w models [75] demonstrate superior performance
in capturing complex flow separation and reattachment phenomena around individual
buildings, the performance improvement over standard k-¢ becomes less pronounced
when evaluating area-averaged wind speed metrics across entire neighborhoods, which
constitutes our primary evaluation approach. Third, the standard k- model, despite its ten-
dency to overpredict turbulence around building windward corners [78], remains the most
widely validated turbulence model for urban airflow applications and has demonstrated
satisfactory performance in systematic urban wind environment studies [79,80].

The trade-off between accuracy and computational feasibility was carefully considered.
Our validation results in the forthcoming Section 3.4 demonstrate acceptable agreement
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between CFD simulations and experimental data, with average absolute differences ranging
from 0.06 to 0.10 across measurement locations. While more advanced turbulence models
might provide marginal improvements in local flow prediction accuracy, the systematic bias
inherent in the standard k-e¢ model affects all simulations consistently, allowing for reliable
comparative analysis of layout parameter effects. Furthermore, the focus on neighborhood-
scale performance metrics rather than detailed local flow phenomena reduces the impact of
local turbulence model limitations on overall conclusions.

For the scope of this research, which prioritizes establishing quantitative relationships
between morphological parameters and pedestrian-level wind environments across diverse
climate conditions, the standard k-¢ model provides an appropriate balance between
computational efficiency and adequate accuracy for comparative analysis. Future studies
focusing on detailed flow physics around specific building configurations would benefit
from employing more advanced turbulence models or LES approaches.

3.3.2. Domain Configuration and Grid Generation

The computational domain and grid generation for the simulation follow specific
guidelines to ensure accuracy and reliability. Based on the European Cooperation in Science
and Technology (COST) CFD Simulation Guidelines [81], the boundaries of the calculation
domain were determined. The inlet, side, and top boundaries were set at a distance of
5H from the model’s maximum building height H, and the outlet boundary was set at a
distance of 15H from the model. Regarding grid resolution, a validated, physics-based
strategy was employed as per COST guidelines, ensuring a grid resolution of at least 10 cells
per cube root of building volume and per building separation in the area of interest [81].
The mesh division adhered to the following principles: maintaining at least 3 layers of
mesh from the ground up to a height of 1.5 m; ensuring that the ratio of adjacent mesh sizes
falls between 1 and 1.2; setting up boundary layer meshes near the building walls with at
least 3 layers [81]. The y* values, which are a key indicator of the near-wall mesh quality
for accurately capturing the boundary layer effects, varied across a reasonable range. In
this study, y* values predominantly ranged between 80 and 120, which falls within the
acceptable limits for accurate turbulence modeling and boundary layer prediction in CFD
simulations of urban wind environments.

3.3.3. Boundary Conditions

The simulation conditions were precisely defined to align with the specific require-
ments of the study. The inlet and outlet boundaries were assigned the velocity-inlet and
pressure-outlet conditions, respectively. The symmetry condition was used for the top
and side boundaries. The no-slip wall condition was adopted for both the ground and
the building walls. The velocity parameter at the inlet boundary was determined by the

m\f
U(z) = Uy <href> (©)

following formula:

Turbulence settings at the inlet and outlet boundaries utilize turbulence kinetic energy
and turbulence dissipation rate, defined by the subsequent formulas:

k(z) = \/ D1hP 4+ D, (4)
e(z) = ,Bc;t%%:) V Dlhz% + Ds 5)

In the formula, U(z) represents the wind speed at height z, k(z) denotes the turbulent
kinetic energy at point z, and ¢(z) is the turbulence dissipation rate at point z. U,.ris the wind
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speed at the reference height, h; is the height above ground at point z, and s is the height
for the reference wind speed. B is the roughness index, while D; and D, are constants. C,,
is a constant for the turbulence model, which is taken as 0.09. The parameters 3, Dy, and
D, correspond to terrain category D (densely populated zones with medium and high-rise
buildings) according to Table 4 in Building Wind Environment Testing and Evaluation
Standards in China [82]. For this terrain classification, the parameters were set to 3 = 0.3,
D; =9.944, and D, = 298.700, representing the atmospheric boundary layer characteristics
appropriate for high-rise residential neighborhoods. The reference wind speed height was
maintained at 10 m, consistent with meteorological measurement standards.

Table 4. Terrain category parameters for atmospheric boundary layer modeling.

CZiZIE;?y Terrain Description R;);lgi\;[esss D; (m3-B/s?) D, (m*/s%)

A Offshore waters and small islands, open water 012 1319 4617
surfaces, coasts, lakeshores, desert areas

B Fields, couqtryside, flat open areas, forests, 0.15 o7 9.399
sparsely built towns and suburban areas
Areas with dense trees and low-rise buildings,

C areas with sparse medium and high-rise 0.22 —5.023 50.12
buildings, gently rolling hills
Areas with dense medium and high-rise

D buildings, hilly areas with increased 0.3 —9.944 298.7
undulation

3.4. CFD Validation

Validation of the model is a crucial aspect of ensuring the simulation’s integrity. To
validate the accuracy of RANS in modeling wind flow in street canyons, Wind-tunnel data
from the experiment [83,84] are employed. The wind-tunnel experiments were conducted
using a simplified street canyon model composed of two parallel buildings, each with
dimensions of 0.12 m x 0.12 m x 1.2 m (height x depth x length), and a street width
of 0.12 m between them, as shown in Figure 4a. The model was scaled at 1:150, with
the approaching wind oriented perpendicular to the street axis. Mean vertical velocity
components (W) were measured along four vertical lines (reduced scale: x/H = 0.083, 0.25,
0.75 and 0.917) in the xz-plane that is perpendicular to the canyon axis (y/H = 0.5) using
laser-Doppler velocimetry (see Figure 5). This experiment has been widely used for valida-
tion purpose [25,71,85]. To replicate the experimental conditions in the simulation, no-slip
wall conditions were applied to all building surfaces and domain boundaries. Additionally,
the inlet boundary conditions for mean wind velocity and turbulent kinetic energy were
prescribed based on the wind tunnel profiles, as shown in Figure 4b. The turbulence model
and other numerical settings are the same as those mentioned in Section 3.3.1.

Validation results, shown in Figure 5, compare the dimensionless mean vertical ve-
locity component (W/U,,s) from RANS simulations with wind tunnel measurements along
four vertical lines. The simulations show good agreement with experiments. The average
absolute differences between measurements and CFD along lines x/H = 0.083, 0.25, 0.75
and 0.917 are 0.10, 0.06, 0.08 and 0.10, respectively. These results confirm the accuracy of
the CFD setup for analyzing the impact of high-rise neighborhood layout configurations
on pedestrian wind environment.



Buildings 2025, 15, 3750

13 of 44

Side plane

Inlet plane

x'H = 0.083

2H 4

zZH -]

Side plane

o 2 4 i1
U {mvs)

Figure 4. (a) Computational domain of CFD validation case and (b) Profiles of mean wind speed (U)
of the CFD validation case and wind tunnel test.
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Figure 5. Model validation of the CFD simulation and wind tunnel test results.

The validation approach in this study using a single wind tunnel case represents a
potential limitation in establishing comprehensive CFD setup reliability. The selected street
canyon configuration [83,84] was chosen because it represents a fundamental building clus-
ter geometry widely used for CFD validation in urban wind studies [25,71,75], providing a
standardized benchmark for turbulence model performance assessment. However, this
simple two-building configuration does not fully represent the complex flow interactions
present in dense residential neighborhoods with multiple buildings, varying spacing, and
diverse orientations. Multiple benchmark cases involving complex building clusters would
strengthen validation robustness but were not employed due to limited availability of
detailed experimental data for high-rise residential configurations matching our study
parameters. Most existing wind tunnel studies focus on simplified geometric configura-
tions or commercial building districts rather than residential neighborhood layouts. The
validation results demonstrate acceptable model performance for basic flow phenomena
but may not fully capture complex interactions such as flow channeling between multiple
buildings, corner flow superposition effects, or wake interference patterns that significantly
influence pedestrian-level wind conditions in actual neighborhoods. Despite this validation
limitation, the systematic bias inherent in the turbulence model affects all 281 simulation sce-
narios consistently, enabling reliable comparative analysis of layout parameter effects even
if absolute wind speed predictions contain uncertainties. Future studies would benefit from
developing comprehensive validation datasets specifically for residential neighborhood
configurations to improve CFD model reliability for urban design applications.
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4. Results
4.1. Pedestrian-Level Wind Environment Performance by Climate Zone

Table 5 and Figure 6 demonstrate the proportion of pedestrian-level acceptable wind
speed area ratios for various typical neighborhood plan layouts across all climate zones.
All the analysis made in the section and in later discussion section are based on the insights
of the results of the intensive CFD simulations conducted in this study, the details of which
can be found in Appendix A.

Table 5. Pedestrian-level acceptable wind speed area ratios by climate zone and layout type.

Climate

Closed Semi-Open Open

Zone Season Perimeter Perimeter Perimeter Parallel Staggered Clustered
Secvgfgly Winter 70-75% 45-50% 40-45% 55-60% 60-65% 50-55%
(Shenyang) Summer 75-80% 80-85% 75-80% 70-75% 70-75% 65-70%
Cold Zone A Winter 85-90% 60-65% 55-60% 75-80% 75-85% 65-70%
(Yinchuan) Summer 65-70% 75-80% 70-75% 65-70% 60-65% 70-75%
Cold Zone B Winter 40-45% 30-35% 25-30% 40-45% 45-50% 35-40%
(Beijing) Summer 50-55% 65-70% 60-65% 55-60% 50-55% 55-60%
Hot Sum-
mer/Cold Winter 50-55% * 30-35% * 25-30% * 45-50% * 45-50% * 50-55% *
Winter
(Shanghai) Summer 20-25% * 60-65% * 55-60% * 50-55% * 45-50% * 45-50% *
Hot Sum-
mer/Cold Winter 85-95% t 75-85% t 70-80% t 80-90% t 85-90% t 75-80% t
Winter
(Chengdu) Summer 10-15% * 40-50% t 30-40% t 40-50% t 25-35% t 25-35% t
Hot Sum-
mer/Warm Winter 90-95% 85-90% 85-90% 90-95% 85-90% 85-90%
Winter
(Shenzhen) Summer 35-40% 60-65% 60-65% 50-55% 50-55% 45-50%
Mild Climate Winter 55-60% 35-40% 35-40% 50-55% 50-55% 40-45%
(Kunming) Summer 50-55% 75-80% 70-75% 65-70% 65-70% 50-55%
Note: Values represent the percentage of residential area with acceptable wind speeds for pedestrian comfort.
Winter acceptable range: 0-1.8 m/s (severely cold, mild, cold zones), 0-3.6 m/s (hot summer/warm winter).
Summer acceptable range: 1-5.4 m/s (severely cold, mild, cold zone A), 1.5-5.4 m/s (cold zone B, hot summer
zones); * Shanghai data; t Chengdu data.
Shenyang Acceptable wind speed area ratio Acceptable wind speed area ratio
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75% o = 80% | ——— == —T
S0 ° 94 .%% X !_-L:
65% = (1% vas |9 | W
55% > [ 2 60% A |
45% X by | 50% @
—
i | - o
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Layoul type Layout lype

Figure 6. Cont.
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Figure 6. The proportion of pedestrian-level acceptable wind speed area for various typical plan
layouts across all climate zones. Note: PT is Parallel Type; SC is Staggered Column; CP is Closed
Perimeter; SOP is Semi-Open Perimeter; OP is Open Perimeter; PGT is Clustered.

4.1.1. Severely Cold Zones

Shenyang, representing severely cold regions, demonstrates a clear preference for
enclosed designs during winter months. The closed perimeter layout emerges as the
optimal configuration, achieving pedestrian-level acceptable wind speed area ratios of
70-75% compared to 45-50% for open perimeter layouts during winter conditions. As
shown in Table 5, closed perimeter layouts provide superior winter protection with the
highest acceptable wind speed coverage across most residential areas, maintaining wind
speeds within the 0-1.8 m/s range when outdoor temperatures are critically low.

During summer, the performance hierarchy shifts notably. Semi-open perimeter
layouts provide the most favorable conditions with pedestrian-level acceptable wind speed
area ratios reaching 80-85%, followed by closed perimeter designs at 75-80%. The parallel
and staggered layouts show intermediate performance, with pedestrian-level acceptable
wind speed area ratios of 70-75%, while clustered arrangements consistently underperform,
achieving only 65-70%. Most layout types achieve acceptable wind conditions across
the majority of residential spaces during summer, indicating that winter protection is the
primary design driver in these regions.

4.1.2. Cold Zones

Cold zones exhibit distinct characteristics between Zone A and Zone B [68], as detailed
in Figure 6. In Cold Zone A, represented by Yinchuan, the closed perimeter layout provides
superior winter performance with pedestrian-level acceptable wind speed area ratios of
85-90%, ensuring adequate wind protection across most residential areas. The parallel
and staggered layouts also perform well with pedestrian-level acceptable wind speed
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area ratios of 75-85%, though with slightly reduced effectiveness compared to closed
perimeter designs.

Cold Zone B, exemplified by Beijing, presents more challenging conditions with
generally lower proportions of acceptable wind speed areas across all layout types dur-
ing winter. The staggered layout performs best under these demanding conditions with
pedestrian-level acceptable wind speed area ratios of 45-50%, followed by parallel (40—45%)
and closed perimeter configurations (40-45%). Summer conditions show a clear advan-
tage for semi-open perimeter (65-70%), open perimeter (60-65%), and clustered layouts
(55-60%), which consistently outperform closed perimeter designs (50-55%) in providing
necessary ventilation.

4.1.3. Hot Summer/Cold Winter Zones

The analysis of Shanghai and Chengdu reveals significant intra-regional variation
within hot summer/cold winter zones, as detailed in Figure 6. Shanghai, with higher
average wind speeds and seasonal directional variations, shows markedly different perfor-
mance patterns compared to Chengdu, which experiences lower wind speeds and more
consistent wind directions throughout the year.

For winter conditions, closed perimeter layouts demonstrate superior performance
in both cities, with Shanghai achieving pedestrian-level acceptable wind speed area ratios
of 50-55% and Chengdu reaching 85-95%. In Shanghai, closed perimeter and clustered
layouts maintain acceptable wind speeds across most residential areas, while semi-open
and open perimeter designs perform less effectively, with pedestrian-level acceptable
wind speed area ratios of only 30-40%. Summer performance reveals the inverse pattern,
with semi-open perimeter designs providing optimal conditions in both cities, achieving
pedestrian-level acceptable wind speed area ratios of 60—65% in Shanghai and 40-50%
in Chengdu.

4.1.4. Hot Summer/Warm Winter Zones

Shenzhen, representing hot summer/warm winter conditions, demonstrates rela-
tively balanced performance across layout types during winter, with most configurations
achieving pedestrian-level acceptable wind speed area ratios of 85-95%. This charac-
teristic distinguishes these zones from colder regions where winter performance varies
dramatically between layout types.

Summer conditions reveal clearer differentiation. Semi-open perimeter and open
perimeter layouts provide optimal performance with pedestrian-level acceptable wind
speed area ratios of 60-65%, effectively maintaining acceptable conditions across most
residential areas for necessary heat dissipation. Parallel, staggered, and clustered layouts
show intermediate performance, with pedestrian-level acceptable wind speed area ratios
of 50-60%, while closed perimeter designs provide the least favorable summer conditions,
achieving only 35-40%.

4.1.5. Mild Climate Zones

Kunming, representing mild climate zones, exhibits performance patterns similar to
cold regions, with winter conditions driving design priorities. Closed perimeter layouts
provide significantly superior winter performance, achieving pedestrian-level acceptable
wind speed area ratios of 55-60% compared to semi-open (35-40%) and open perime-
ter configurations (35-40%), effectively maintaining acceptable wind speeds across most
residential spaces.

Summer performance follows the established pattern observed in other climate zones,
with semi-open perimeter layouts providing optimal conditions, with pedestrian-level
acceptable wind speed area ratios of 75-80%. Open perimeter (70-75%), parallel (65-70%),
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and staggered layouts (65-70%) show comparable intermediate performance, while closed
perimeter designs achieve more limited pedestrian-level acceptable wind speed area ratios
of 50-55%. The clustered layout demonstrates consistent underperformance across both
seasons (40-45% winter, 50-55% summer), making it the least recommended configuration
for mild climate zones.

Our comprehensive analysis across all climate zones reveals consistent patterns: closed
perimeter layouts optimize winter performance in regions where cold protection is critical,
while semi-open and open perimeter designs excel in summer conditions across all climate
zones. The magnitude of these performance differences varies significantly by region, with
more extreme climates showing greater differentiation between optimal and suboptimal
layout choices, as summarized in Table 5.

4.2. Effects of Design Parameters and Incoming Wind Conditions

This section presents the quantitative relationships between key design and incoming
wind parameters and pedestrian-level wind environment performance, providing the
empirical foundation for design optimization. Table 6 summarizes and the key relationships
and statistical measures for each parameter, while the following subsections detail the
mechanisms underlying these relationships. The analysis reveals distinct patterns in how
building enclosure ratio, average building aspect ratio, wind direction, average windward
area ratio, and incoming wind speed affect pedestrian comfort across different climate
zones. All reported relationships demonstrate statistical significance at p < 0.05 level.
The regression models exhibit standard errors ranging from 0.12 to 0.18 for the primary
coefficients, with 95% confidence intervals indicating reliable parameter estimates. The
high R? values (0.727-0.810) combined with low p-values confirm the robustness of the
predictive relationships for design optimization applications.

Table 6. The regression relationships between design parameters and pedestrian-level acceptable
wind speed area ratios.

Design Relationship Winter Summer . .l
Parameter Type Performance Performance Optimal Range Key Findings
Building . 2 R? =071 0.25-0.28 or Most influential parameter; initial
Enclosure Ratio Quadratic R%=0.75 (combined) 0.52-0.61 deterioration then improvement
R? =0.56 Corner flow superposition
(summer only) drives behavior
Average Building . R?>=0.75 R?=0.79 Initial winter degradation,
Aspect Ratio Quadratic (winter only) (summer only) 175275 summer enhancement
R?=0.83 R? =0.69 . . .
(combined) (combined) Pattern inverts at higher ratios
. N . R%Z=0.96 R%2=0.96 0-22.5° Effect depends on enclosure
Wind Direction Quadratic (non-uniform) (non-uniform) (combined req.) uniformity
(Non-uniform R?=0.89 R? =098 45° (optimal for Lower wind speeds at 0°
enclosure) (combined) (combined) uniform) and 22.5°
e . R?=0.99 R?=0.93 . .
Wind Direction Quadratic . . Winter worsens then improves
(uniform) (uniform)
(Uniform R? =085 R? =095 Summer follows reverse pattern
enclosure) (combined) (combined) p
Average . . .
Windward Area  Linear/Variable POSltlYe Nega?lve Varies by Correlation range: 0.33-0.66
Ratio correlation (non-uniform) boundary type
(winter only) Positive Increases summer performance
y (uniform) p

Decreases winter performance
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Table 6. Cont.

Design Relationship Winter Summer . .ol
Parameter Type Performance Performance Optimal Range Key Findings
Incoming Wind Linear R? = 0.885 R? =0.925 Climate Strone predictive relationshios
Speed (Winter) (0-1.8m/s) (1-5.4 m/s) dependent &P P
Quadratic R? = 0.946 R? = 0.931 Initial improvement then
(Summer) (0-3.6 m/s) (1.5-5.4m/s) deterioration (summer)

Notes: R? values indicate strength of predictive relationships. Combined = considering both winter wind proofing
and summer heat dissipation. Optimal ranges vary by climate zone and seasonal priorities. All relationships
significant at p < 0.05 level.

4.2.1. Building Enclosure Ratio

The building enclosure ratio emerges as the most influential parameter affecting
pedestrian wind environments across all climate conditions, as summarized in Table 6. A
consistent quadratic relationship between enclosure ratio and pedestrian-level wind envi-
ronment performance is shown, with distinct patterns for winter and summer conditions.
For winter wind proofing requirements, the relationship shows an initial deterioration
followed by improvement as enclosure ratio increases, with optimal performance occurring
at enclosure ratios of approximately 0.25-0.28 and 0.52-0.61.

The quadratic trend is even more pronounced when considering both winter wind
proofing and summer heat dissipation requirements simultaneously. The analysis reveals
R? values of 0.75 for winter conditions and 0.71 for combined seasonal requirements,
indicating strong predictive relationships. For summer heat dissipation alone, the pattern
inverts, with initial improvement followed by deterioration as enclosure ratio increases,
achieving R? values of 0.94 for winter conditions and 0.56 for summer conditions.

The underlying mechanism driving this behavior relates to building spacing and
corner flow superposition effects. As enclosure ratio increases, reduced building spacing
initially amplifies the area of building corner flow superposition, intensifying wind within
residential domains. When building spacing falls below a critical threshold, the corner
flow superposition area reaches maximum extent. Further spacing reduction contracts
this area, consequently enhancing winter wind protection while diminishing summer
ventilation effectiveness.

4.2.2. Average Building Aspect Ratio

The average building aspect ratio demonstrates significant quadratic relationships
with wind environment performance, particularly for summer conditions and combined
seasonal requirements, as detailed in Table 6. For summer heat dissipation, the relationship
shows R? values of 0.33 for winter conditions and 0.79 for summer conditions, indicating
stronger predictive power for summer performance.

When considering both winter wind proofing and summer heat dissipation simultane-
ously, the quadratic trend becomes more pronounced with R? values of 0.83 for winter and
0.69 for summer conditions. The data indicate that increasing average building aspect ratio
initially degrades winter wind environments while enhancing summer conditions, with
this pattern subsequently inverting at higher aspect ratios.

For winter wind proofing alone, the relationship is less pronounced but still significant,
with R? values of 0.75 for winter and 0.31 for summer conditions. The optimal aspect ratios
typically fall within the range of 1.75-2.75 for most climate conditions as shown in Table 6,
balancing winter protection needs with summer ventilation requirements.
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4.2.3. Wind Direction

Wind direction effects manifest differently depending on the uniformity of perimeter
boundary enclosure within residential neighborhoods, with correlation coefficients ranging
from 0.85 to 0.99 as shown in Table 6. For neighborhoods with non-uniform enclosure
degrees, clear quadratic function trends emerge for both winter and summer pedestrian
wind environments. In non-uniform enclosure scenarios focusing on winter wind proofing,
pedestrian-level wind environment performance improves with increasing wind direction
angles, achieving R? values of 0.96 for both winter and summer conditions. Conversely,
summer wind environments decline with increased wind direction angles. When both
seasonal requirements are considered simultaneously, higher wind environment evaluation
indices are observed at 0° and 22.5° compared to 45°, attributed to relatively lower inflow
wind speeds at these angles.

For uniform enclosure conditions, the relationships show different characteristics.
Winter wind environments initially worsen then improve as angles increase, while summer
environments follow the reverse pattern. The optimal wind direction yielding minimal
winter evaluation index and maximal summer evaluation index occurs at approximately
45°, corresponding to differences in representative urban inflow wind speeds for each
angle orientation.

4.2.4. Average Windward Area Ratio

The average windward area ratio effects vary significantly based on both wind di-
rection and the uniformity of residential perimeter boundary enclosure, with correlation
coefficients ranging from 0.33 to 0.66 as documented in Table 6. Pearson correlation anal-
ysis reveals significant negative correlations between windward area ratio and summer
pedestrian wind environments for non-uniform enclosure degrees, while significant pos-
itive correlations exist for uniform enclosure degrees. For winter conditions, significant
positive correlations occur primarily when focusing solely on winter wind proofing. When
considering both winter wind proofing and summer heat dissipation, positive correlations
emerge for summer performance but negative correlations for winter performance. These
correlation coefficients range from 0.33 to 0.66, indicating moderate to strong relationships.

The analysis shows positive correlations between average windward area ratio and
summer pedestrian wind environments, with linear trends apparent for winter wind
proofing under non-uniform enclosure degrees and for combined seasonal requirements
under uniform enclosure degrees. Generally, increasing average windward area ratio leads
to winter wind environment degradation but summer wind environment improvement.

4.2.5. Incoming Wind Speed

Incoming wind speed demonstrates pronounced relationships with wind environment
evaluation indicators, showing distinct patterns for winter and summer conditions with
consistently high predictive power (R? > 0.88) as summarized in Table 6. For winter
conditions, wind environment evaluation indicators decline consistently with increasing
incoming wind speed, achieving R? values of 0.8846 for the 0-1.8 m/s range and 0.946 for
the 0-3.6 m/s range. This linear relationship reflects the direct impact of higher incoming
wind speeds on winter comfort, where increased incoming wind speed consistently reduces
pedestrian-level acceptable wind speed area ratios.

Summer conditions exhibit more complex quadratic relationships, with R? values of
0.9248 for the 1-5.4 m/s range and 0.9311 for the 1.5-5.4 m/s range. The quadratic pattern
shows initial improvement in wind environment indicators with increased incoming wind
speed, followed by subsequent deterioration. This behavior reflects the balance between
adequate ventilation needs and excessive wind speeds that create discomfort.



Buildings 2025, 15, 3750

21 of 44

The strong predictive relationships (all R? > 0.88) across different incoming wind speed
ranges provide robust foundations for design parameter optimization and performance
prediction across various climate conditions and seasonal requirements.

4.3. Regression Analysis Results

To enable quantitative prediction of pedestrian-level wind environment performance
across different climate conditions, comprehensive nonlinear regression analysis was con-
ducted based on the parameter relationships identified in the previous section. The re-
gression models incorporate the most significant design parameters and their interactions,
providing practical tools for design optimization and performance prediction.

4.3.1. Model Development and Normalization

All design parameters were standardized using min-max normalization to ensure
consistency across different parameter scales, following Equation (6). This normalization
process converted wind directions of 0°, 22.5°,45°, 67.5°, and 90° to normalized values of 0,
0.25,0.5, 0.75, and 1.0, respectively. Normalization ensures that each parameter contributes
proportionally to the regression models regardless of their original measurement scales.

X — Xmin

X = (6)

Xmax — Xmin

4.3.2. Regression Analysis

Based on significant correlations identified between design parameters and wind
environment performance, four primary regression equations were developed for differ-
ent wind environment evaluation scenarios. These equations represent the most robust
predictive models for practical application:

Winter Wind Proofing (0-1.8 m/s range):

So_1.8 = 1.029 — 0.13500 + 1.352X 42 — 0.679X 4 + 0.531X52 — 0.592X + 0.256(Xc — 0.5¢)>

(R = 0.727) @)
Winter Wind Proofing for Warmer Climates (0-3.6 m/s range):
So-36 = 1.265 — 0.108vg + 0.6X 4> — 0.338X 4 — 0.134Xp + 0.081(Xc — 0.5c)2
(R? = 0.754) ®)
Summer Ventilation (1-5.4 m/s range):
S1_54 = —0.028 — 0.036v92 + 0.321vg — 0.803X 4% + 0.475X 4 — 1.043Xp% + 0.776 Xp — 0.317(X¢ — 0.5c)2
(R? = 0.769) ®
Enhanced Summer Ventilation (1.5-5.4 m/s range):
S15 54 = —0.298 — 0.0430p2 4 0.3820) — 1.336X 42 + 0.713X 4 — 0.825Xp> + 0.756 X — 0.334(X¢ — 0.5¢)* 10)

(R2 - 0.810)

The regression equations incorporate five key variables: S represents the proportion of
area with acceptable wind speeds for different wind speed ranges, vy denotes incoming
wind speed, x, represents normalized enclosure ratio, xg indicates normalized average
building aspect ratio, X signifies normalized wind direction, and c represents the unifor-
mity level of perimeter boundary enclosure (0 for non-uniform, 1 for uniform conditions).
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The model performance demonstrates strong predictive capability with R? values
ranging from 0.727 to 0.810, indicating that 72.7% to 81.0% of the variance in pedestrian-
level wind environment performance can be explained by the included design parameters.
All regression coefficients are statistically significant (p < 0.05), with standard errors below
0.18 for primary terms and 95% confidence intervals confirming parameter reliability. The
coefficient patterns align with the individual parameter relationships identified in the
previous section, confirming the quadratic relationships for enclosure ratio and building
aspect ratio, and the importance of wind direction relative to boundary uniformity.

The regression coefficients show consistent patterns across different wind environment
requirements, with enclosure ratio and building aspect ratio demonstrating the strongest
influences through their quadratic terms. Wind direction effects are modified by boundary
uniformity, as represented by the (Xc — 0.5¢)? term, which captures the interaction between
wind direction and enclosure characteristics. The models provide robust foundations for de-
sign parameter optimization across various climate conditions and seasonal requirements.

4.4. Sensitivity Analysis Results

To quantify the relative importance of different design parameters and guide de-
sign prioritization, sensitivity analysis was conducted using the Elementary Effects (EE)
method [86]. This analysis provides insights into which parameters most significantly influ-
ence pedestrian-level wind environment performance and should receive primary attention
during design development. Equations (11) and (12) have been applied in this study to
gauge the influence of different design parameters on the pedestrian wind environment
utilizing the EE method:

S(X1, Xp, ..., Xi+ A, .., Xy) = S(X1, X0, .0, Xip o1, Xp)

EE; = A (11)

(12)

1< i
Uik = ;;‘EEi
]:

Here, the equations contain multiple variables: EE; signifies the derivative of the
independent variable at a specific value, and S represents the dependent variable that
encompasses different aspects. Additionally, X; stands for each independent variable
included in the equation, while A represents an almost infinitesimal change approaching
zero. Finally, #;* denotes the mean absolute value of the derivative.

4.4.1. Parameter Influence Hierarchy

The EE method reveals a clear hierarchy of parameter importance across different
wind environment conditions. Table 7 summarizes the results of the EE method, assessing
the impact of various layout parameters on distinct wind environments in accordance with
evaluation indicators. As shown in Table 7, building enclosure ratio emerges as the most
influential parameter across nearly all wind environment scenarios, with sensitivity indices
ranging from 0.357 to 0.844. This dominance is particularly pronounced for winter wind
proofing conditions, where building enclosure ratio achieves a sensitivity index of 0.844 for
the area ratio within the 0-1.8 m/s wind speed range at the pedestrian level.
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Table 7. Sensitivity of different plan neighborhood layout parameters to corresponding evaluation
indicators of various pedestrian wind environments.

Pedestrian-Level Wind A Buildi Wind Direction
Environmental Assessment Enclo?ure V:rage ¢ Il{u ti ng Non-Uniform Uniform
Indicators Ratio spect Katio Enclosure Enclosure
Ratio of area having pedestrian-level
wind speed between 0~1.8 m/s 0844 0-269 0-270 0.135
Ratio of area having pedestrian-level
wind speed between 0~3.6 m/s 0.357 0.134 0.083 0.042
Ratio of area having pedestrian-level
wind speed between 1~5.4 m/s 0468 0556 0:343 0172
Ratio of area having pedestrian-level 0.817 0415 0.345 0173

wind speed between 1.5~5.4 m/s

Average building aspect ratio ranks as the second most influential parameter for most
conditions, with sensitivity indices ranging from 0.134 to 0.556. Notably, for summer venti-
lation conditions (area ratio within the 1-5.4 m/s wind speed range at the pedestrian level),
building aspect ratio achieves the highest sensitivity index of 0.556, actually surpassing
enclosure ratio (0.468) for this specific scenario. This represents the only condition where
building aspect ratio exceeds enclosure ratio in importance.

Wind direction influence demonstrates significant variation based on perimeter bound-
ary uniformity characteristics. For non-uniform enclosure conditions, wind direction
sensitivity indices range from 0.083 to 0.345, while uniform enclosure conditions show con-
sistently lower sensitivity ranging from 0.042 to 0.173. The sensitivity difference between
non-uniform and uniform conditions is most pronounced for winter wind proofing (area
ratio within the 0-1.8 m/s wind speed range at the pedestrian level), where non-uniform
conditions yield 0.270 compared to 0.135 for uniform conditions. This pattern confirms
that wind direction effects are amplified when perimeter boundaries create non-uniform
wind exposure, making orientation optimization more critical for irregular neighborhood
configurations than for geometrically consistent layouts.

The sensitivity analysis reveals distinct patterns across different climate requirements.
For severe and cold climate winter conditions (area ratio within the 0-1.8 m/s wind
speed range at the pedestrian level), the parameter hierarchy follows: enclosure ratio
(0.844) > wind direction non-uniform (0.270) > building aspect ratio (0.269) > wind direction
uniform (0.135). In contrast, for warm climate winter conditions (area ratio within the
0-3.6 m/s wind speed range at the pedestrian level), the hierarchy shifts to: enclosure
ratio (0.357) > building aspect ratio (0.134) > wind direction non-uniform (0.083) > wind
direction uniform (0.042).

Summer ventilation requirements show different sensitivity patterns. For general
summer conditions (1-5.4 m/s area ratio), building aspect ratio becomes most influen-
tial (0.556), followed by enclosure ratio (0.468), wind direction non-uniform (0.343), and
wind direction uniform (0.172). However, for hot climate summer conditions (area ratio
within the 1.5-5.4 m/s wind speed range at the pedestrian level), enclosure ratio regains
dominance (0.817) over building aspect ratio (0.415).

4.4.2. Optimal Parameter Ranges and Design Correlations

Building upon the sensitivity analysis, Table 8 demonstrates how specific parameter
ranges correlate with superior wind environment performance. The analysis reveals that
neighborhoods with building enclosure ratios, building aspect ratios, and wind directions
falling within defined optimal ranges achieve superior pedestrian wind environments com-
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pared to 79% of other comparable high-rise residential zones. Even when only two of these
parameters fall within optimal ranges, performance still exceeds 64% of comparable areas.

Table 8. Correlation between building enclosure ratio, average building aspect ratio, wind direction,
and the maximum and minimum values of different evaluation indicators in relation to incoming
wind speeds.

Indicator Enclosure Ratio Average Building Aspect Wind Direction
Ratio Non-Uniform Enclosure Uniform Enclosure
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These findings from Table 8 validate the sensitivity analysis results by demonstrating
that the most sensitive parameters (building enclosure ratio and average building aspect
ratio) are indeed the primary drivers of performance differentiation between neighborhoods.
The correlation analysis confirms that optimization efforts should prioritize these high-
sensitivity parameters for maximum impact on pedestrian wind comfort.

The sensitivity analysis results provide guidance for design prioritization across
different climate contexts. The consistent dominance of enclosure ratio across most con-
ditions (except general summer ventilation) indicates that spatial organization and build-
ing arrangement should receive primary design attention. Building aspect ratio opti-
mization emerges as particularly critical for summer conditions, while wind direction
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effects represent secondary considerations that vary significantly based on neighborhood
boundary characteristics.

5. Discussions
5.1. Neighborhood Layout Performance

The comprehensive analysis across China’s diverse climate zones reveals consistent
patterns in how neighborhood layout types perform under different environmental condi-
tions. The results demonstrate that while no single layout configuration excels universally,
clear performance hierarchies emerge that vary predictably with climate characteristics and
seasonal requirements.

Closed perimeter layouts consistently provide superior winter protection across cold
climate zones, achieving performance advantages of 15-20% in severely cold regions as
shown in Table 7. This finding contrasts with previous research suggesting row-column
layouts were universally optimal for wind environments [29,31]. The superior winter
performance stems from closed perimeters’ ability to create sheltered interior spaces while
maintaining sufficient wind speeds for basic air circulation. Conversely, semi-open and
open perimeter layouts demonstrate clear advantages for summer ventilation across all
climate zones, providing 12-18% better performance in hot regions compared to closed
configurations. This pattern aligns with findings from Shui et al. [35] regarding perimeter
layouts creating substantial wind comfort zones.

The most significant finding relates to seasonal trade-offs inherent in different layout
types. While closed perimeter layouts excel in winter conditions, they consistently rank low-
est for summer performance across all climate zones. This inverse relationship necessitates
climate-specific design strategies rather than universal solutions. For severely cold and
mild climate zones, closed perimeter designs remain optimal despite summer compromises.
However, for hot summer/warm winter zones, the analysis suggests prioritizing summer
performance through semi-open perimeter configurations. Hot summer/cold winter zones
show the largest performance gaps (12-18%) between optimal and suboptimal layouts,
emphasizing the critical importance of appropriate layout selection in transitional climates.

5.2. Design Guidelines and Practical Implementation

To synthesize the results from this study into intuitive neighborhood layout design
recommendations considering various climate conditions in China, we present optimal
parameter ranges that accommodate diverse climate conditions in Table 9. Thus, re-
fined design recommendations emerge, which integrate both layout type selection and
parameter optimization.

For severely cold zones, mild climate zones, and Cold Zone A, closed perimeter
layouts with enclosure ratios of 0.25-0.28 or 0.52-0.61 and building aspect ratios of 1.35-2.75
provide optimal winter protection while maintaining acceptable summer conditions. The
dual enclosure ratio ranges reflect the quadratic relationship identified in the regression
analysis, where both low and moderate-high enclosure values achieve optimal performance
through different wind flow mechanisms.

For Cold Zone B and hot summer/cold winter zones, similar enclosure ratios
(0.25-0.28 or 0.52-0.61) are recommended but with adjusted building aspect ratios of
1.75-2.75 to better balance seasonal requirements. Hot summer/warm winter zones require
distinct strategies prioritizing summer ventilation through enclosure ratios of 0.25-0.40 or
0.54-0.61 with higher aspect ratios of 1.75-4, supporting summer heat dissipation while
maintaining adequate winter comfort.
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Table 9. Recommended design parameters for optimal pedestrian wind environments across cli-
mate zones.

Climate Zone

Average Building

Enclosure Ratio Aspect Ratio

Prevailing Wind Direction

Severely cold zones,
Mild climate zones,
Cold zone A

Cold zone B and Hot
summer/Cold
winter zones

Hot summer/Warm
winter zones

Uniform enclosure: Winter: 54-90°;
0.25-0.28 or 0.52-0.61 1.35-2.75 Summer: 0-36°
Non-uniform enclosure: Winter:
0-18° or 72-90°; Summer: 27-63°
Uniform enclosure: Winter: 54-90°;
0.25-0.28 or 0.52-0.61 1.75-2.75 Summer: 0-36°
Non-uniform enclosure: Winter:
0-18° or 72-90°; Summer: 27-63°
Uniform enclosure: Winter: 54-90°;
0.25-0.40 or 0.54-0.61 1.75-4 Summer: 0-36°
Non-uniform enclosure: Winter:
0-18° or 72-90°; Summer: 27-63°

More importantly, to maximize resource efficiency and cost-effectiveness in design
practice, prioritization among these parameters must be carefully considered. The sen-
sitivity analysis results provide clear prioritization guidance for design implementation.
With enclosure ratio demonstrating sensitivity indices of 0.844 for winter wind proofing
and building aspect ratio achieving 0.556 for summer ventilation, designers should focus
optimization efforts on these high-impact parameters before addressing secondary con-
siderations. The application framework suggests a hierarchical approach—first, establish
appropriate enclosure ratios based on climate zone requirements; second, optimize build-
ing aspect ratios for seasonal priorities; third, adjust wind direction orientation based on
boundary uniformity conditions.

For practical implementation, the correlation analysis demonstrates that achieving
optimal ranges for just two of the three primary parameters results in performance exceed-
ing 64% of comparable neighborhoods. This finding provides flexibility for practitioners
facing site constraints or other design limitations. The wind environment optimization
guidelines should integrate with broader urban design objectives including solar access,
privacy, density requirements, and construction economics. The dual enclosure ratio ranges
offer particular value by allowing designers to select approaches that align with density
targets and spatial programming requirements.

5.3. Broader Implications
5.3.1. Comparison with International Standards

The wind speed criteria employed in this study align closely with international pedes-
trian wind comfort standards while providing climate-specific adaptations for Chinese
conditions. The winter wind speed limits of 1.8 m/s for cold climates and 3.6 m/s for
warm climates correspond to established comfort thresholds identified by Lawson and Pen-
warden [39] and Soligo et al. [41], while summer ventilation requirements of 1.0-1.5 m/s
minimum speeds reflect thermal comfort needs documented by Cheng and Ng [45].

The climate zone-specific approach represents an advancement over universal stan-
dards by recognizing that comfort requirements vary with local climate characteristics
and seasonal adaptation patterns. The layout performance findings provide validation for
international design approaches while revealing climate-specific variations. The superior
performance of closed perimeter layouts in cold climates supports northern European
design traditions, while summer ventilation advantages of semi-open configurations align
with Mediterranean and subtropical design practices.
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5.3.2. Policy and Planning Implications

The quantified relationships between neighborhood layout parameters and pedestrian-
level wind environment performance provide empirical foundations for developing
evidence-based planning policies and building regulations. The parameter sensitivity
rankings suggest that planning regulations should prioritize building enclosure ratio con-
trols and average building aspect ratio guidelines over strict orientation requirements. This
finding supports flexible zoning approaches that establish performance targets rather than
prescriptive design rules.

The climate zone-specific recommendations support developing regionally adapted
building codes that reflect local environmental priorities, rather than relying on universal
national standards. Implementation of these guidelines through planning policy could
significantly improve urban pedestrian-level wind environments at scale, with the cor-
relation analysis indicating that 79% performance improvement is achievable through
parameter optimization.

5.4. Limitations and Future Research

While this research provides comprehensive insights into neighborhood layout effects
on pedestrian wind environments, several limitations suggest directions for future investi-
gation. The CFD simulation approach, while enabling comprehensive parameter analysis,
inherently simplifies complex atmospheric phenomena. The steady-state modeling may
not be able to capture dynamic weather conditions, gustiness, or thermal stratification
effects that significantly influence real-world wind comfort. The analysis focuses exclu-
sively on high-rise residential neighborhoods with specific morphological characteristics
(54 m height, 16% building density), and findings may not directly apply to low-rise or
mixed-height developments.

Our analysis focuses on four morphological parameters while excluding other influen-
tial factors such as building height variation, vegetation, and urban canopy layer effects.
This deliberate scope limitation reduces model comprehensiveness but enables systematic
comparison of layout parameter effects without confounding variables. While these ex-
clusions may affect absolute wind speed prediction accuracy in real-world applications,
they do not compromise the validity of relative performance comparisons between layout
configurations or optimal parameter identification. Future research should systematically
incorporate building height variation, vegetation integration, and thermal-morphological
interactions to enhance practical applicability.

Moreover, the wind environment evaluation relies on mechanical wind speed criteria
without comprehensive integration of thermal comfort factors such as air temperature,
humidity, and solar radiation within the CFD simulation framework. While our climate-
specific wind speed thresholds incorporate thermal comfort considerations derived from
UTCI analysis and established thermal comfort research, future studies could benefit from
direct integration of thermal indices within coupled thermal-wind CFD simulations to
provide more comprehensive comfort assessment. However, such approaches would
require significantly greater computational resources and may obscure the fundamental
relationships between morphological parameters and wind flow patterns that constitute
the primary focus of this investigation. In addition, this study examines six representative
cities across Chinese climate zones, but local microclimate variations within zones may
significantly influence optimal design strategies. Future research could consider expand-
ing the parameter space to include additional morphological variables such as building
height variation and mixed-use development patterns. Integration of renewable energy
considerations, particularly wind energy harvesting and building energy performance,
would provide more comprehensive sustainability evaluation frameworks. Advanced
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computational approaches including machine learning could enhance predictive modeling
capabilities while reducing computational requirements [87].

6. Conclusions

This study addressed the critical knowledge gap in understanding pedestrian wind en-
vironments within high-rise residential neighborhoods across China’s diverse climate zones.
Through systematic investigation of 3204 residential neighborhoods and comprehensive
CFD simulations of 281 scenarios, we established quantitative relationships between four
key neighborhood layout parameters (building enclosure ratio, average building aspect
ratio, average windward area ratio, and wind direction) and pedestrian-level wind envi-
ronment performance, providing evidence-based foundations for climate-responsive urban
design. We identified six typical neighborhood layouts and demonstrated that building
enclosure ratio exerts the strongest influence on pedestrian wind conditions, with sensitiv-
ity indices reaching 0.844 for winter wind proofing requirements. Average building aspect
ratio ranked second in importance (sensitivity index 0.556 for summer conditions), while
wind direction effects varied significantly based on perimeter boundary uniformity. These
findings challenge previous assumptions about universal optimal layouts and establish
parameter-specific design priorities.

Climate zone analysis revealed distinct hierarchies of parameter importance across dif-
ferent wind environment conditions. Closed perimeter layouts provided 15-20% superior
winter protection in severely cold regions, while semi-open and open perimeter designs
enhanced summer ventilation by 12-18% in hot climates. The parallel layout demonstrated
balanced performance across seasons, though at the cost of optimal performance in extreme
conditions. Notably, hot summer/cold winter zones exhibited the largest performance gaps
between optimal and suboptimal configurations, emphasizing the critical importance of
appropriate layout selection in transitional climates. The regression analysis yielded robust
predictive models (R? values 0.727-0.810) enabling quantitative design optimization. For
cold zones prioritizing winter comfort, optimal enclosure ratios of 0.25-0.28 or 0.52-0.61
with building aspect ratios of 1.35-2.75 were identified. Hot-warm zones benefited from
enclosure ratios of 0.25-0.40 or 0.54-0.61 with aspect ratios of 1.75-4 to maximize summer
heat dissipation. These findings provide practitioners with evidence-based guidelines that
bridge theoretical understanding and practical application. The parameter sensitivity rank-
ings enable efficient allocation of design resources, while climate-specific recommendations
support regionally adapted building codes and planning policies.
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Appendix A

Table A1l. Velocity distribution contours of typical layouts of different high-rise residential neighbor-
hoods under Shenyang’s meteorological conditions in summer and winter.
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Table Al. Cont.

Orientation of the Residential Layout
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Note: PT is Parallel Type; SC is Staggered Column; CP is Closed Perimeter; SOP is Semi-Open Perimeter; OP is
Open Perimeter; PGT is Clustered.
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Table A2. Velocity distribution contours of typical layouts of different high-rise residential neighbor-
hoods under Beijing’s meteorological conditions in summer and winter.
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Table A2. Cont.

Layout Season
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Note: PT is Parallel Type; SC is Staggered Column; CP is Closed Perimeter; SOP is Semi-Open Perimeter; OP is
Open Perimeter; PGT is Clustered.

Table A3. Velocity distribution contours of typical layouts of different high-rise residential neighbor-
hoods under Yinchuan’s meteorological conditions in summer and winter.
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Table A3. Cont.

Layout Season

Orientation of the Residential Layout
SW SSW S SSE

Legend

Summer

PGT

Winter

| [N N l‘
w ml e

,-1.-\_-\ n

Note: PT is Parallel Type; SC is Staggered Column; CP is Closed Perimeter; SOP is Semi-Open Perimeter; OP is
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Table A4. Velocity distribution contours of typical layouts of different high-rise residential neighbor-

hoods under Shanghai’s meteorological conditions in summer and winter.
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Table A4. Cont.

Layout Season

Orientation of the Residential Layout

SSW

SSE

Legend

Summer
CP
Winter
Summer
sOrP
Winter
Summer
or
Winter
Summer
PGT
Winter

|

=
I

] |
gl —

—
-

-]

alla

A

sl B § § .lﬁlu

IV: : A’ N

V

1

g

L:

LIS St

f-§-§

' .:AZA:A:

Note: PT is Parallel Type; SC is Staggered Column; CP is Closed Perimeter; SOP is Semi-Open Perimeter; OP is

Open Perimeter; PGT is Clustered.



Buildings 2025, 15, 3750 36 of 44

Table A5. Velocity distribution contours of typical layouts of different high-rise residential neighbor-
hoods under Chengdu’s meteorological conditions in summer and winter.
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Table A5. Cont.
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Table A6. Velocity distribution contours of typical layouts of different high-rise residential neighbor-
hoods under Shenzhen’s meteorological conditions in summer and winter.
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Table Aé6. Cont.

Legend

Orientation of the Residential Layout
SSW S SSE SE

SW

Season

Layout

7

4 |

11
L

Summer

SC

oot 0 R

CcP

Al

Winter

sOopP

Summer

or

.A.ﬂ \




Buildings 2025, 15, 3750

39 of 44

Table Aé6. Cont.

Layout Season
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Note: PT is Parallel Type; SC is Staggered Column; CP is Closed Perimeter; SOP is Semi-Open Perimeter; OP is
Open Perimeter; PGT is Clustered.

Table A7. Velocity distribution contours of typical layouts of different high-rise residential neighbor-
hoods under Kunming’s meteorological conditions in summer and winter.
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Table A7. Cont.

Orientation of the Residential Layout
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